Abstract. In the Hawaiian Archipelago, shelter-dependent juvenile stages of many reef fishes and their coral habitats are increasingly put at risk by multiple anthropogenic stressors (e.g. overfishing and habitat loss, coral bleaching and sedimentation, respectively). We assessed coral bleaching (to identify relative susceptibility among growth forms) and the use v. availability of structurally complex and simple corals by juvenile reef fishes in Hawai'i. We use these data in a model that identifies habitats and resource species for managing reef fisheries and conserving coral habitats. Many juvenile reef fishes preferentially inhabit rugose corals. The economic and ecological importance of these fishes varies from those with little value to others, such as highly prized parrotfishes that also serve as ecological engineers. Coral species also differ in their relative susceptibility to anthropogenic and natural stressors -more structurally complex corals tend to be more susceptible to stressors. Our model relates the economic and ecological valuations of fish resources with specific preferences of fish juveniles for corals of varying susceptibility, testing the prediction that risk should co-vary among species of corals and fishes. Managers should use such a model when prioritising habitats and resource species for conservation.
Introduction
Many species of reef fishes, particularly their shelter-associated juvenile stages, are dependent on coral habitats (DeMartini and Anderson 2007; Garpe and Ohman 2007) . The structure afforded by coral and other reef habitats to these recently settled juveniles, over often short durations (a few days to several weeks after settlement of pelagic larvae onto reefs), is crucial for many species (Jones et al. 2004; Graham et al. 2006 ) regardless of whether coral habitat is essential for older life-stages of the same species (Cole et al. 2008 ). For such species, reduced availability of suitable shelter habitat can have important consequences to the dynamics of their populations. The effects of depressed recruitment of juveniles to benthic reef fish populations are variously lagged in time Wilson et al. 2006) , with the extent of the lag dependent on the recruitment and population dynamics of particular species (Emslie et al. 2008) . Although short-term lag effects of the loss of juvenile nursery habitat on fish stocks are well recognised, and medium-term lag effects might also be important , the long-term effects of loss of juvenile nursery habitat are unknown .
Corals themselves are increasingly at risk of climate-induced coral bleaching (hereafter 'bleaching') and other related and unrelated anthropogenic stressors (reviewed by Baker et al. 2008) . In particular, the losses of coral habitat as a result of anthropogenic stressors are increasing and expected to further 1 Order of authorship reflects relative contribution to manuscript development. increase in future decades (Cole et al. 2008; Munday et al. 2008; Pratchett et al. 2009 ). Lag times between the occurrence of stress, coral mortality, and loss of habitat differ with the severity and nature (pulse v. press: Underwood 1989) of the stressors and also vary among coral species that differ in their susceptibility (Marshall and Baird 2000; Loya et al. 2001; McClanahan et al. 2007) . Both reef fishes and corals are increasingly at risk of multiple anthropogenic stressors that include overfishing and habitat loss for reef fishes, and bleaching and sedimentation for corals (Wilson et al. , 2008a . Multiple stressors may exert cumulative effects on populations of fishes (Wilson et al. 2008a) and corals (Emslie et al. 2008) , and when combined sometimes produce results that are not strictly additive (Wilson et al. 2008a; Pratchett et al. 2009 ).
Bleaching and other anthropogenic stressors have been described for reef corals in the Hawaiian Archipelago. Some, usually localised, bleaching has been observed in the Main Hawaiian Islands (MHI), where coral cover is generally moderate-to-high on many fringing reefs (Jokiel and Brown 2004) . Even the north-western Hawaiian Islands (NWHI), a high-latitude coral reef ecosystem once considered one of the most resilient to anthropogenic stressors like bleaching , has experienced bleaching (Aeby et al. 2003; Kenyon et al. 2006b ). Although coral development (Vroom et al. 2006 ) and the structural complexity (DeMartini et al. 2009 ) of habitat is generally low at the scale of entire reefs in the NWHI, locally high coral cover exists at wave-sheltered back reefs and some patch reefs in the lagoons of far NWHI atolls. Heating as a response to reduced water circulation (ponding) within lagoons at these atolls has resulted in moderate to strong bleaching during summertime doldrums in some years (Aeby et al. 2003; Kenyon et al. 2006b; Kenyon and Brainard 2006) .
Our objectives were to (1) catalogue the relative susceptibilities of the major species of corals on shallow Hawaiian reefs to temperature stress based on recent empirical observations at NWHI back reefs and published data for these corals in analogous, wave-sheltered habitats on fringing reefs in the Main Hawaiian Islands (MHI); (2) determine the habitat preferences of young juvenile 'recruits' (benthic juveniles recently settled from the plankton) of the most common species of reef fishes that occur in these habitats; and (3) use these observations to test our prediction that some reef fishes, including economically important species, associate with at-risk coral habitats. By relating our observations of recruit-habitat association to data on the relative susceptibilities of various corals to stressors, we present a case study with broad application that illustrates how ecological and economic factors, combined with degree of risk, might be evaluated for the conservation of coral habitat and the ecosystem-based management of fisheries resources.
Methods and materials

NWHI coral monitoring surveys
Corals were assessed at NWHI atolls in 2002 and 2004, each within less than 2 months following the first and second bleaching events recorded in the NWHI, respectively (Aeby et al. 2003; Kenyon and Brainard 2006) . Two complementary survey techniques were used. In September-October 2002, three atolls (Kure, Midway, and Pearl and Hermes) were surveyed by scuba divers towed behind small craft (Kenyon et al. 2006a) . Video transects (totalling 14, 9 and 45 km in length at each respective atoll) were conducted in sheltered back reef and lagoonal patch reef habitats at mean depths that ranged from a minimum of 1.4 m at Midway to a maximum of 6.3 m at Pearl and Hermes (Kenyon et al. 2006b ). Digital video clips recorded at 30-s intervals (totalling 2630 video records (frames), with each record describing a mean area of 0.475 m 2 and separated by a mean distance of 25 m from adjacent records) were scored for percentage cover of bleached and unbleached corals by major growth form or taxon (encrusting-massive Porites spp., Porites compressa, Pocillopora spp., Montipora spp.). Coral percentage cover was estimated using SigmaScan-Pro (SPSS Science) image analysis software. Coral was considered 'bleached' if it appeared distinctly pale or white relative to videotape records for surveys conducted in summer-fall of the two previous years when bleaching was not observed (Kenyon et al. 2006b ).
In September-October 2004 surveys, belt-transects (25 m Â 2 m) were conducted using both scuba and snorkelling, at 0.9-10.4 m depths in back reef and patch reef habitats at the same three atolls (Maragos et al. 2004) . A total of 14 back-reef sites (4, 4 and 6 at Kure, Midway, and Pearl and Hermes, respectively) and 9 lagoon patch reef sites (2, 3 and 4 at the three respective atolls) were surveyed. Areas of either 50 m 2 or 100 m 2 were surveyed at each site. The species and size class of each coral colony whose centre fell within 1 m of each side of the transect line were recorded, along with the number of bleached colonies of each species. A colony was tallied as 'bleached' if more than half of its live tissue had lost an estimated 75% or more of its normal pigmentation (Cook et al. 1990; Bruno et al. 2001; Cumming et al. 2002) . For species in which clonal propagation (e.g. Porites compressa) or fission (e.g. Porites lobata) is an important component of growth, consideration was given to tissue colour, interfaces with neighbouring conspecifics, and distance between conspecifics in determining the number of colonies.
Fish and coral habitat surveys Surveys of fishes were conducted using scuba and by snorkelling in 1-3 m depths at two sites each at two islands-atolls: (1) on the leeward coast of Island of Hawai'i (Hawai'i Island) in the MHI and (2) on the sheltered back reef at Midway Atoll, 1750 km north-west of Hawai'i Island in the NWHI. Each pair of sites differed in wave exposure and related substrate characteristics -'coral-rich' and 'coral-poor' at the more-and less-sheltered site, respectively. All sites were surveyed during June-July periods of 2006 and 2007 and during late May-early August 2008. The recruitment of most fish species on shallow Hawaiian reefs occurs during late spring-summer (Walsh 1987; DeMartini 2004; DeMartini et al. 2009 ).
The habitat relations of fishes were characterised using 50-m long transects distributed within 1.0-1.5-ha areas at each site. The starting points and bearings of transects were chosen haphazardly following minimal criteria (450% consolidated substratum and a constant depth AE1 m). Recruits (individuals o5 cm total length, TL) were tallied within several metres of the transect line; over 90% of these recruits were tallied within the 2-m wide transect strip (used to estimate recruit densities per 100 m 2 as part of a companion study). Twelve transects per site were conducted in 2006, and 18-20 transects were done in 2007 and 2008. Recruits (Table 1) were tallied by species or lowest taxon (Randall 2007 ) and cm TL class.
To assess the availability of coral and other substrata at the same sites surveyed for fishes, the percentage cover of major coral taxa and other predominant substratum types were estimated visually (DeMartini and Anderson 2007) within 1-m 2 quadrats, randomly placed within the transected areas. Six major substratum categories were recognised (Table 3) . Live corals were recorded by genus or species and major growth form for four taxa ranging in structural complexity from encrusting or mounding-massive (e.g. lobe coral, Porites lobata), to tuberculate (erect Montipora spp.), to digitate (endemic Hawaiian finger coral, Porites compressa) or branched (Pocillopora spp.). Encrusting and tuberculate-digitate-branched growth forms were later classified as 'non-rugose' and 'rugose', respectively. Coral taxa were pooled by growth form for analysis of patterns of habitat use by recruits. Five to ten 1-m 2 reference (random) quadrats per transect were surveyed for percentage cover of available substrata.
Statistical analyses and data sources
The habitat preference of recruits was evaluated as a function of proportional habitat use and habitat availability (Manly et al. 2002) . The benthic substratum closest to individuals (or groups of recruit fishes) when first encountered was scored as the habitat used; use was weighted by the numbers of conspecific individuals present in groups (defined as 2 or more individuals within 10-cm distance of one another). Habitat availability was measured as substratum-specific proportional cover estimated from reference quadrats for the respective site and transect (years were pooled because proportionate cover did not vary among years within site: all P 4 0.2). Habitat use and Dollar (1982) , Hodgson (1989) , Jokiel and Coles (1990) , Te (2001) , Jokiel and Brown (2004) , Dollar and Grigg (2004) , Kenyon et al. (2006a Kenyon et al. ( , b, 2007 Kenyon et al. ( , 2008 Coral Porites compressa appears to be especially susceptible to sedimentation if also stressed by scour from water motion (D. C. Potts, pers. comm.). 3 Susceptibility to sedimentation differs among species of Pocillopora from low in species like P. damicornis that occur in bays and other, wave-sheltered environments to high in species like P. meandrina that primarily frequent exposed coasts. 4 Susceptibility to wave disturbance differs among species of Pocillopora from low in coarsely branched forms (e.g. P. meandrina) to high in finely branched forms like P. damicornis.
5 Susceptibility to bleaching varies among species of Montipora -at far NWHI atoll back reefs, M. capitata is much more susceptible to bleaching than its co-dominant congener M. flabellata . availability thus were based on individual-and population-level input data, respectively (Manly et al. 2002 ). We therefore first tested for the existence of any habitat preference using a loglikelihood statistic (w 2 L ), calculated using the formula: w 2 L ¼ 2Su i ln½u i =Eðu i Þ, where u i is the proportional use of the ith habitat by the species and E(u i ) is the expected number of ith habitat tallies for that species if use is proportional to availability (Manly et al. 2002) . The value of the w 2 L test statistic was compared with the chi-square distribution with (I À 1) degrees of freedom (where I is the number of habitat categories). If preference was detected, we then applied resource selection functions (Manly et al. 2002) to identify which habitats were used more or less frequently than expected. Resource selection functions (w i ) were calculated for all habitats used by each species of recruit as w i ¼ u i /p i , where u i ¼ proportional use of the ith habitat and p i ¼ proportional local availability of the ith habitat (Manly et al. 2002) . In our application, local area was defined as transects on which a species was present at each site. We calculated Bonferroni-corrected 95% confidence intervals (CI) around each selection function; a particular habitat was considered used disproportionately to its availability if its 95% CI did not include 1. A selection function significantly greater than 1 indicated a habitat that was preferred, whereas a selection function significantly less than 1 indicated a habitat that was avoided. Log-likelihood tests and resource selection functions were calculated for each of the 15 species and 2 taxa that comprised at least 1% of all recruits tallied.
We used non-parametric multi-dimensional scaling on ranks (nMDS in PRIMER-6; Clarke and Gorley 2006) to crossreference criteria in a simple graphical model predicting the severity of consequences of loss of coral habitat on different fish species. The three criteria evaluated were: (1) the habitat selection functions of recruits for rugose corals most susceptible to bleaching and sedimentation; (2) economic scores of the fish resources; and (3) ecological scores for these fish resources.
Relative economic values of commercial, including ornamental, extraction fisheries were taken from Sladek-Nowlis, Friedlander, DeMartini and Brown's (unpubl. data) compilation of State of Hawai'i catch statistics and from Walsh et al. (2004) . Parrotfishes of differing maximum adult body sizes Randall 2007 ) were referenced against the species-and size-specific, functional-morphological criteria of Bellwood and Choat (1990) and Lokrantz et al. (2008) , and thereby assigned the four highest ecological valuations. Among the remaining species, only the territorial Hawaiian gregory damselfish Stegastes marginatus is known to alter habitat and the distributions of resident reef fishes (Hourigan 1986; Harrington and Losey 1990; Hixon and Brostoff 1996) and was ascribed an ecological importance secondary to the parrotfishes. All other remaining species (lacking published information on ecological importance) were conservatively assigned a tied lowest rank. The ordination used non-normalised Euclidean distances of the ranks separating species in 3-dimensional space (Clarke and Gorley 2006) .
Results
Relative susceptibilities of corals to stressors
Susceptibilities to bleaching and sedimentation stressors range greatly among species and higher taxa of the common corals of Hawai'i (Table 2 ). In general, the common branched growth forms like Pocillopora spp. are those most susceptible to bleaching and sedimentation stressors. The endemic Hawaiian finger coral Porites compressa is among the most susceptible to sedimentation and disturbance by wind waves and ocean swell, and to bleaching in lagoons with scour and ponding (Table 2) . Conversely, encrusting and mounding (massive) corals like Porites lobata are relatively less susceptible to bleaching and sedimentation as well as physical wave disturbance ( (Table 2) .
Habitat preferences of recruit reef fishes
The recruits of many fishes that inhabit the shallow, waveprotected reefs of Hawai'i are dependent on corals and other structured substrata for suitable shelter resources. Habitat preferences varied greatly among species, but use of substrata overall departed (P o 0.001) from random occupancy in proportion to availability (Fig. 2) . Resource selection functions differed from 1 for one or more habitats for 16 of the 17 test casesornate wrasse being the lone exception (Table 3) . Most of the species and taxa that we commonly observed (13 of 15, including many endemics) preferred rugose substrata; most of these (8 of 13) favoured rugose corals, with the remainder preferring rubble (Table 3 ; Fig. 2 ). Preferences for consolidated substrata (usually carbonate limestone, rarely weathered lava rock) were either rare or undetectable, whereas unconsolidated sand substrata were almost universally avoided by the recruits of these species (Table 3) . Only a relatively few preferences were detectable for non-rugose corals (Table 3) . It was possible to evaluate selectivity for macroalgae only for belted wrasse, Pacific gregory damselfish, and saddle wrasse because the expected number of occurrences of other species/taxa were less than 5% (Manly et al. 2002) primarily a result of the very low percentage cover of macroalgae then present at the sites. In general, structured microhabitats that afforded shelter at the scale appropriate for recruits were preferred whereas relatively featureless microhabitats were avoided.
A model of cross-referenced coral susceptibility, recruit preference, and resource value Information on coral susceptibility, the habitat preference of fish recruits, and resource value was integrated to construct a graphical valuation model (Fig. 3) . Model results show that some shallow-reef fishes (e.g. belted and elegant coris wrasses) are clearly refractory to the direct consequences of coral habitat loss (although these species would be indirectly impacted from The solid horizontal line (at a value of 1 on the y-axis) indicates hypothetical use exactly proportional to availability. An asterisk above an estimate indicates a preference for rugose corals that was significant after Bonferroni correction. Estimates for species 9, 10 and 12 are nominal only; their test statistics were disallowed because expected frequencies were less than 5 (Manly et al. 2002). lagged declines in coral-rubble habitat that would eventually result from lost coral production). Other fish species like bird and saddle wrasses (Table 3) are associated with rugose corals as recruits but have minor extractive value. Yet other species (domino damselfish) are obligately associated with rugose corals as recruits and have greater value as ornamentals (Fig. 3) . Some parrotfish species that are predominantly associated with rugose corals as recruits are both economically and ecologically valuable as older life stages; they clearly separate (nMDS: P o 0.01) from the remaining species and taxa (Fig. 3) . The correlation between recruit preference for rugose corals and economic valuation is positive (Spearman rank correlation: r s ¼ 0.59, n ¼ 14, P ¼ 0.026) and is suggestive even after the four parrotfish species are removed from analysis (r s ¼ 0.60, P ¼ 0.067).
Discussion
Coral susceptibilities to stressors Our estimates of the impact of bleaching on corals in the NWHI ( Fig. 1 ; Kenyon et al. 2006a Kenyon et al. , 2006b Kenyon et al. , 2007 Kenyon et al. , 2008 generally corroborate relative susceptibilities to stressors deduced from observations and experiments done on these and related corals in the MHI and elsewhere (e.g. Jokiel and Coles 1990; Loya et al. 2001; Jokiel and Brown 2004; McClanahan et al. 2007) . Our estimates thus extend inferences on bleaching patterns for corals throughout the archipelago.
Differences among species of corals and recruit fishes
In general, the rugose corals of Hawai'i tend to be more susceptible to bleaching and sedimentation stressors as well as wind-swell disturbance than encrusting and mounding growth forms (Dollar 1982; Dollar and Grigg 2004) . The recruits of many species of Hawaiian reef fishes primarily inhabit shallow wave-protected habitats where coral cover is often sparse, particularly in the NWHI (Vroom et al. 2006; DeMartini et al. 2009) . Although relatively few species of Hawaiian reef fishes use corals either for food or shelter as adults, greater proportions of these species inhabit living corals as juveniles v. adults (E. DeMartini et al., unpubl. data) . Therefore it is incorrect to evaluate the importance of corals based solely on the habitat use patterns of adult fishes (Jones et al. 2004; Cole et al. 2008) .
Our observations provide the first systematic, empirical evidence that susceptibilities to anthropogenic stressors differ greatly among species of recruiting reef fishes as well as taxa and structural groups of corals in Hawai'i. Although perhaps not unexpected, these species differences have implications that are essential for the management and conservation of both fishes and corals. For example, even though numerous parrotfishes (Chlorurus and Scarus spp.) and wrasses (e.g. bird and saddle wrasses) depend on branching corals as recruits, only some species of parrotfishes (those larger-bodied as adults) have direct economic importance to local artisanal and recreational fisheries, whereas nearly all of the wrasses have little consumptive and ornamental value (Sladek-Nowlis, Friedlander, DeMartini and Brown, unpubl. data) . Parrotfishes typically have a more important ecological role than wrasses; many parrotfishes act as ecosystem engineers as adults whose grazing affects the entire physical structure of coral reefs (bioerosion of reef limestone and the redistribution of sand: Bellwood and Choat 1990) . This is particularly true for the largest-bodied individuals and species that physically gouge the substrate while cropping algae (Lokrantz et al. 2008) . Parrotfish grazing is also recognised as essential for controlling the algae that compete with corals for reef space (Mumby et al. 2007) . Some species of parrotfishes thus represent a special concern for habitat protection and resource conservation. Like many other small-bodied fishes Wilson et al. 2008b) , the recruits of some parrotfishes (Tolimieri 1998) prefer to shelter in rugose corals. Rugose corals are those typically (McClanahan et al. 2004 (McClanahan et al. , 2007 ) most susceptible to coral habitat loss resulting from bleaching and sedimentation, and the loss of these corals would likely introduce a bottleneck to the recruitment dynamics of some parrotfish populations.
Our simple graphical display (Fig. 3) provides an easily interpretable means for managers to identify and prioritise protection of rugose coral habitats and the economically and ecologically important resource species, like some parrotfishes, that are associated with them as recruits. In our case, the outcome is straightforward because parrotfishes in Hawai'i are important both economically and ecologically. Our three--dimensional plot would be especially powerful for discriminating valuations in other case studies, in which some taxa, among those preferring susceptible coral habitats, are economically but not ecologically valuable, and vice versa. Non-metric multidimensional scaling provides a robust yet simple (rank) method Three-dimensional graphic model illustrating the overall influences of the relative preference of recruits of various species and taxa of Hawaiian reef fishes for rugose corals, the relative economic valuation of these fishes (extractive value of their ornamental and/or consumption fisheries), and the relative ecological valuation of these fishes (z-axis). Ordinations for each of four species of parrotfishes (large solid circles), the Hawaiian dascyllus (domino) damselfish (small solid triangle) -the species whose recruits are most obligately associated with rugose corals, and the ecologically important Hawaiian Gregory damselfish (small solid square) are also specifically noted by number (Table 1 ). The remaining eight species are indicated by small hollow circles.
for directly visualising the relative influence of economic and ecological factors for resource species at risk to habitat loss. Feitosa et al. (2008) provide an analogous model for prioritising species using multiple criteria when managing ornamental fish extraction on Brazilian reefs.
Despite the emphasis on species differences, our findings are restricted taxonomically to mostly damselfishes, wrasses, and parrotfishes. They are also limited geographically to very shallow, atoll back reefs and wave-protected shoreline fringes at the north-west and south-east extremes of the archipelago. Numerous different reef habitats occur throughout the archipelago, and many other species of Hawaiian reef fishes like surgeonfishes (Acanthuridae) primarily recruit to other (e.g. deeper fringing reef) habitats (DeMartini and Anderson 2007) . At least some of these species, including the yellow tang Zebrasoma flavescens and endemic kole Ctenochaetus strigosus (the first-and fourth-ranked species in the MHI ornamental fishery: Walsh et al. 2004) , are strongly associated with finger coral as recruits (DeMartini and Anderson 2007; Ortiz and Tissot 2008) . Thus it is essential that our evaluation be expanded to include these additional habitats so that future efforts can identify and quantify habitat use by reef fish recruits over a more comprehensive array of habitats throughout the MHI. Until this is done, we will lack the information necessary to accurately evaluate habitats for further management consideration in the MHI, as well as in the NWHI (DeMartini 2004).
Habitat protection for both reef fish and coral conservation It is obvious that a major criterion for selecting sites for resource and habitat conservation should be the valuation of habitat based on known functional relationships between habitat, fishes, and other key biotic resources. When evaluating habitats for preferential protection, we need to first consider which habitat components are most susceptible to different anthropogenic stressors and how these habitats are distributed among the areas being considered for protection. Second, we need to consider the identity of reef-related resources (e.g. species of recruit reef fishes) linked to these habitats by their habitat specificities, and the natural (ecological) and human (economic) values of these reef-related resources . Our study has demonstrated the importance of recognising species-specific differences in habitat use by juvenile reef fishes for understanding the nursery function of coral habitat. The provision of nursery habitat should be a major objective in site valuation. It is obvious that nursery habitat must be conserved, and restored where necessary, to better manage rates of extraction in both ornamental and consumption fisheries (Friedlander 2001; Friedlander and DeMartini 2002; DeMartini 2004) .
Environmental criteria, including sensitivities to human impacts and how they vary geographically, are also important in site valuation. Although coral-fish nursery habitats share fundamental similarities between the NWHI and the MHI, the two regions differ greatly in the types of anthropogenic stressors present and likely in the future. In the remote and generally uninhabited NWHI, protected by USA Presidential Proclamation since June 2006 as the Papahānaumokuākea Marine National Monument, the potential threat of overfishing has been removed because extraction of shallow-reef fishes is now prohibited.
Regional-scale, anthropogenic stressors like sedimentation resulting from coastal development also are moot in the NWHI (Selkoe et al. 2008) . In the densely human-populated and heavily developed MHI, however, regional effects like sedimentation are coupled with the additional stressors of regional overfishing (Friedlander and DeMartini 2002; Williams et al. 2008) and global climate change (Selkoe et al. 2008) . It is thus important that we acknowledge that threats to coral habitat and juvenile fishes and other associated biota differ qualitatively and quantitatively between the NWHI and the MHI, and that we recognize these differences when refining our management and conservation measures for the two regions to include ecosystem-based metrics.
